Long-term and seasonal dynamics of zooplankton abundance and taxonomic composition and its relationship with meteo-climatic and hydrographic factors were investigated on the northwest Iberian shelf. Zooplankton were collected monthly (1995 -2011) The results stress the importance of hydrodynamics, driven by meteo-climatic conditions, in the control of the abundance levels of zooplankton at seasonal and long-term interannual scales.
I N T RO D U C T I O N
Zooplankton responses to environmental variability bring about fundamental changes in the general dynamics of marine ecosystems (Banse, 1995) , causing fluctuation in primary production and other environmental conditions to propagate to higher trophic levels. Zooplankton dynamics are affected by processes occurring over a wide range of spatial and temporal scales. At local and short-term scales, for instance, life history traits of zooplankton, such as growth, fecundity and survival, are directly affected by environmental factors such as temperature and the quantity/quality of nutritional resources (e.g. Gillooly, 2000; Ceballos and Ianora, 2003; Devreker et al., 2005) . Mesoscale physical processes, such as currents, frontal structures, buoyancy-driven plumes or coastal upwelling, govern the dispersion or accumulation of individuals and the availability of nutrients (e.g. Garçon et al., 2001; Gonzalez-Gil et al., 2015) . At a global scale, zooplankton dynamics, manifested in terms of biomass, species composition, diversity, size structure or phenology, are significantly correlated with large-scale modes of climate variability such as the North Atlantic Oscillation (NAO), El Niño Southern Oscillation (ENSO) or the Pacific Decadal Oscillation (PDO) (Fromentin and Planque, 1996; Mantua et al., 1997; Chiba and Saino, 2003; Greene et al., 2003; McGowan et al., 2003; Beaugrand and Reid, 2012; Drinkwater et al., 2013) .
Environmental variability is to a large extent rapidly mirrored in zooplankton population dynamics due to their short life cycles (Hays et al., 2005) and for that reason, these organisms have been suggested as indicators of climatic variability (Taylor et al., 2002; Perry et al., 2004; Hays et al., 2005) . These studies have also shown the crucial importance of long-term time series in order to detect and resolve environmental effects on biological systems.
Here, we investigated the links between zooplankton dynamics and environmental variability by analysing a longterm, monthly zooplankton time series collected within and off the Ría of Vigo, the southernmost part of the four coastal embayments that form the Rías Baixas system of Galicia (NW Iberian Peninsula). The Galician Rías are located in the northernmost limit of the Canary Upwelling System, and consequently, coastal upwelling has a major influence on their hydrodynamic behaviour (Blanton et al., 1987; Prego and Fraga, 1992; Alvarez-Salgado et al., 1993) . The Galician coastal and shelf regions are a highly productive ecosystem (Alvarez-Salgado et al., 1993) in which the exploitation of marine resources and aquaculture represent important commercial activities.
From late spring to early autumn, the intensification of the Azores high-pressure atmospheric cell promotes the predominance of northerly winds along the Western Iberian coast, causing the offshore displacement of surface waters and the upwelling of subsurface waters of the subtropical branch of the Eastern North Atlantic Central Water (ENACW st ) (Fraga, 1981; Blanton et al., 1987; Nogueira et al., 1997) . Nutrient enrichment is further enhanced within the Rías, partially mixed estuaries with a two-layered positive residual circulation pattern (Bowden, 1975) . During autumn and winter, the weakening and southward displacement of the Azores high causes the predominance of south and south-westerly winds that promote coastal downwelling episodes and the slowdown or even reversal of the estuarine circulation pattern (Villacieros-Robineau et al., 2013) . Besides, the intensification of the Iberian Poleward Current during this part of the year, a slope northward flow that transports saltier and warmer (subtropical) waters (Peliz et al., 2005) , causes the decrease in across-shelf exchange processes.
Previous zooplankton studies on the Northwest Iberian Shelf have mostly been short term, focusing on the understanding of mesoscale processes (e.g. upwelling or the Iberian Polar Current) over the shelf or within estuaries. These investigations were based on observations at fixed locations, i.e. Eulerian approach (Valdés et al., 1990; Fusté and Gili, 1991; Tenore et al., 1995; Blanco-Bercial et al., 2006; Ospina-Alvarez et al., 2010) or on Lagrangian sampling following drifting water masses Halvorsen et al., 2001; Joint et al., 2001; Riser et al., 2001; Isla and Anadon, 2004) .
Seasonal dynamics of zooplankton in the region has been documented using the monthly zooplankton sampling carried out by the Instituto Español de Oceanografía (IEO) within the frame of the time series monitoring programme RADIALES off A Coruña and Vigo (Bode et al., 1998 (Bode et al., , 2004 Valdés et al., 2007) . Long-term changes and the role of hydrographic and climate drivers at these scales have received, however, less attention. More recently, Bode et al. (Bode et al., 2009) , using data from the Continuous Plankton Recorder and RADIALES monitoring programmes, detected a decreasing trend in zooplankton total biomass and copepod abundance in oceanic realms and an increasing trend in coastal areas, and related this to a decrease in upwelling intensity. Also using CPR data, although covering a wider zone, Nogueira et al. (Nogueira et al., 2012) explored the spatial and temporal patterns of copepod species diversity over the North-East Atlantic. Both studies covered identical periods and did not consider other zooplankton taxonomic groups.
In the present study, we aimed to: (i) describe longterm and seasonal variability of zooplankton abundance and taxonomic composition in the southernmost part of the Galician upwelling system from 1995 to 2010; and (ii) explore the physical -biological coupling between the observed temporal zooplankton dynamics and environmental meteo-climatic and hydrographic drivers.
M E T H O D Study area and data collection
Zooplankton samples were collected monthly between 1995 and 2010 within the framework of the ongoing time series monitoring programme RADIALES (http://www. seriestemporales-ieo.com/) at two oceanographic stations ( Fig. 1) : within the Ría of Vigo (Station 1 at 42.2138N, 8.8508W over the ca. 40 m isobath) and on the mid-shelf off the Ría of Vigo (Station 3 at 42.1428N, 8.9588W over the ca. 100 m isobath). Zooplankton were sampled by means of double-oblique hauls from the surface down to 5 m above the sea floor, using a double 40 cm diameter Bongo net with 200 mm mesh size, equipped with flow meters for the calculation of the volume of water filtered. The sample from one cod-end of the net was preserved in 4% sodium tetraborate-buffered formaldehyde (ind. m
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). Subsamples were taken until at least 1000 zooplankton organisms per sample were identified to the lowest possible taxonomic level under a stereomicroscope and counts in the subsamples were converted to full-sample number by cubic metre for both total abundance (NZ T ) and abundance within individual taxa. In this study, the analysis was restricted to the temporal dynamics of the major taxonomic groups of zooplankton (Table I ). Sampling and sample processing methods were consistent throughout the time series, and zooplankton identifications were always carried out by the same expert taxonomist.
Environmental variables previously suggested to play a significant role on zooplankton dynamics were also considered (Table II) . The water column temperature standard deviation (8C), calculated from monthly CTD profiles carried out at the mid-shelf station (Station 3), was used as an index of thermal stratification. Daily values of local precipitation (mm) and atmospheric temperature (8C) were obtained from the Vigo airport meteorological station (Spanish "Agencia Estatal de Meteorología"). Daily outflow (m 3 s
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) from the nearest large river, the Miño, was provided by the Confederación Hidrográfica Miño-Sil. The upwelling index (m 3 s 21 km
) was calculated from geostrophic winds according to the method proposed by Bakun (Bakun, 1973) for a point located at 43.88N, 11.88W, which is considered representative of the occurrence and intensity of coastal upwelling along the western Galician coast (Lavín et al., 1991) . Given its localization, the Galician coast is susceptible to influence by the NAO (Ottersen et al., 2001) , the East Atlantic (EA) pattern, which is a mode of low frequency variability generally associated with temperature and precipitation pattern (Wallace and Gutzler, 1981) , the anomalies of the North Hemisphere Ocean Temperature (NHOT, Beaugrand and Reid, 2012) and the Gulf Stream North wall position (Gulf Stream NWP , Taylor and Stephens, 1980) . Our study region is also susceptible to be affected by the Atlantic Multidecadal Oscillation which has a 60-year period of fluctuation . From 1994 to 2011, it only corresponded to a continuous increase, and therefore, it has not been included in the environmental data set.
Numerical analysis
All time series were first explored for the presence of outliers, normality, homoscedasticity and co-linearity among variables following the protocol proposed by Zuur et al. (Zuur et al., 2010) . Daily time series of ancillary climatic, meteorological and hydrographic data (Table II) were monthly averaged.
The cumulative sum of the mean distances method (Ibañez et al., 1993) was applied to detect local trends and abrupt changes in the time series. This technique removes from each temporal observation the general mean of the time series and plots the cumulative sum of residuals. The interpretation is based on the linear slope of the cumulative sum function, since persistent departures from the general mean of the time series cause a persistent change of the slope. The cumulative sums show a positive (negative) slope in periods for which the mean of the data is higher (lower) than the general mean of the original time series.
To assess the main patterns of variability, including an objective determination of the timing of the long-term periods detected by the cumulative sum function and the effect of sampled locations (i.e. within and off the Ría), a set of generalized linear models (GLMs) were fitted to the time series of NZ T using the GLM function from the nlme R package (Pinheiro et al., 2012) . The fixed term included the effect of location (Stations 1 and 3), seasonality (month as factor) and long-term periods as identified by the cumulative sum method. The set of alternative models (listed in Table III ) always included the effect of month, as seasonality was apparent in the time series of abundance at both locations; testing the set of alternative models excluding the seasonal effect was considered unnecessary. The interaction between month and period accounts for differences in the seasonal cycle between periods. Likewise, the interaction between month and station accounts for seasonal differences between locations. Groups encountered in ,50% of the samples were pooled in the "Others" category. For each station, the table reports taxonomic group name, average relative abundance, mean, standard deviation, maximum concentration (ind. m
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) and the percentage of samples in which the taxonomic group was present.
The random part of the model included a parameterization of the variance against the different months and an autoregressive-moving average (ARMA) model to correct for autocorrelation in the time series (Zuur et al., 2009; Pinheiro et al., 2012) :
Model selection was based on the Akaike information criterion (AIC), considering the best model the one which presents the lowest AIC value (Burnham and Anderson, 2002) . Then, the best model structure was used to improve the estimation of the transition date between long-term periods estimated initially by means of the cumulative sum plot. We therefore tested each possible combination of transition dates between periods and used the AIC to select the best of them. Predicted and standard error of NZ T as a function of month, Akaike criterion for the corresponding fixed part tested and the residual standard error.
JOURNAL OF PLANKTON RESEARCH j VOLUME 38 j NUMBER 1 j PAGES 106-121 j 2016 long-term period and location (station) were extracted using the predictSE function from the AICcmodavg R package (Mazerolle, 2013) .
Plots of the year-to-year variability of the annual cycle for the six major taxonomic groups (in terms of abundance) were plotted using the "interp" function from the Akima R packages (Akima et al., 2013) that allowed linear interpolation of the abundance between months and years.
Coupling between zooplankton dynamics and environmental variability
Principal component analysis (PCA) is widely used to identify coherent patterns of temporal variability (Von Storch and Zwiers, 1999; Hare and Mantua, 2000; Mantua, 2004; Molinero et al., 2008; García-Comas et al., 2011; Vandromme et al., 2011) by reorganizing the total variance of the data by means of an orthogonal linear transformation. The first component is the one that retains the highest amount of total variance. To assess and compare the main components of temporal variability on plankton and environmental variables, PCAs were done separately on the abundance data set of zooplankton groups ( present in more than 50% of the samples) for Stations 1 and 3 and on the environmental variables (Mantua, 2004) . Prior to PCA, data were averaged per year after substituting the missing monthly values by the mean of all values for that given month. The resulting annual time series were then standardized due to their different units of measurement and zooplankton data were log-transformed. For physical variables that were highly correlated (r . 0.90), only one variable was included in the analysis to avoid excessive strength of principal components due to redundant information. The selected variables are presented in Supplementary data, Fig. S1 .
R E S U LT S Zooplankton abundance
Average zooplankton abundance (NZ T ) between 1995 and 2011 was twice as high within the Ría of Vigo as on the mid-shelf when expressed as a concentration (8421. (Fig. 2) . Most of this variability was related to a conspicuous seasonal signal, although largely variable in its amplitude; winter minima varied within the same order of magnitude across the series but summer maxima showed large differences (Fig. 2) .
Cumulative sums of NZ T (CS, Fig. 2 ) identified three long-term periods in the time series, which were approximately coincident at both locations: (i) from the beginning of the series in 1995 until 2001, the CS decreased monotonically, indicating that monthly abundances were always lower than the general mean; (ii) between 2002 and 2006, in contrast, the CS showed an increasing trend ( positive slope of the CS), outlining a period with the average abundance above the general mean. (iii) After 2006, the slope of the CS was close to zero, indicating that the average abundance during this period was similar to the general mean. In addition, the saw-toothed aspect of the CS function in the second and third periods captured the higher amplitude of the seasonal cycle.
The best GLM fitted to assess the main patterns of NZ T variability included a triple interaction between location, seasonality and long-term period (Table III) . The best AIC was found for transitions between long-term periods in January 2001 (from period A to B) and in January 2006 (from period B to C). The parameters estimated by the model (Fig. 3) confirmed the average seasonal pattern, characterized by a unimodal cycle with minima NZ T in winter and maxima NZ T in summer. It further depicted that the amplitude of the seasonal signal was lower during period A, higher in B and intermediate in C in both locations. At Station 1, there was a higher NZ T than at Station 3, but this fact has to be taken carefully because the depth of sampling, and hence the volume of water filtered, differed between sites and the vertical distribution of plankton in the water column is heterogeneous.
Zooplankton composition
Taxonomic groups that were present in more than 50% of the samples are listed in Table I . Groups with lower occurrences were pooled in the category "Others" included Amphipoda, Ascidiacea larvae, Branchiostomidae larvae, Crustacean larvae, Doliolidae, Isopoda, Mysida, Ostracoda, Gastropoda, Salpidae and Radiolaria at both stations, and, additionally, Foraminifera at Station 1 and Bryozoan larvae and Polychaeta at Station 3. Details of the seasonal composition of the meroplankton groups are presented in Supplementary data, Fig. S2 .
Copepoda largely dominated the zooplankton community, representing on average around 59% of total abundance within the Ría of Vigo and 72% on the mid-shelf (Table I) . Copepoda was the only group present in 100% of the samples at both locations. However, its contribution to NZ T varied seasonally (Fig. 4) , rising in December to 91.6 and 79.6% of the total abundance and decreasing in summer to 40.3 and 52.3%, for Station 1 and Station 3, respectively. The lower relative contribution of Copepoda during the summer was compensated by the increase in the relative abundance of other taxonomic groups, namely Larvacea, Cirripedia larvae, Echinodermata larvae, Siphonophorae and Cladocera. These five groups plus Copepoda represented on average 87% of NZ T in both stations. The interannual variability of the annual cycle of these six taxonomic groups at each station during the 17-year time series is plotted in Fig. 5 . Abundance increased for all these groups from late spring to early autumn, although the width of the annual period of relatively higher abundance differed between groups. For Cladocera, Echinodermata larvae and Siphonophora, the seasonal period of higher abundances extended for 5 -6 months, whereas it appeared longer for Copepoda, Larvacea and Cirripedia ( 8 -9 months). In general terms, for a given taxonomic group, the duration of the period of relatively high seasonal abundance was shorter on the mid-shelf than within the Ría. The clearest case is the one for Cladocera, for which the difference between both sites was 2 months. The period of maximal abundance in copepods occurred later during period B than during periods A and C. For the long-term dynamics, there was an apparent increase in abundance around 2002 which affected all these six major taxonomic groups at both locations. It is also worth noting that no consistent changes in phenology were detected during the period analysed in any of these groups.
Coupling between zooplankton dynamics and environmental variability
The first principal component of the data set of physical variables (PC1 PHY ) retained 27.5% of the total variance and was within the range of previous studies (Hare and Mantua, 2000; García-Comas et al., 2011; Vandromme et al., 2011) . The time series of PC1 PHY scores ( The physical variables with highest contribution to PC1 PHY (jloadingj . 0.30) were precipitation and Gulf Stream north wall position (Gulf Stream NWP ), with negative loadings, and upwelling index (UI), with a positive loading (Fig. 6B) . The annual means for these variables are shown in Fig. 7 . Within the high variability of these three series, the transition period depicted in the PC1 PHY is observable and has been marked by an arrow. From 2000 to 2005, both precipitation and Gulf Stream NWP had a decreasing trend, whereas UI showed an increasing trend (Fig. 7) . The first principal components obtained from the zooplankton abundance data sets (i.e. within and off the Ría of Vigo, PC1 ZOO_1 and PC1 ZOO_3 , respectively) retained a similar percentage of their respective total variances (around 63%). From 1995 to 2001 for Station 1, and to 2000 for Station 3, PC1 ZOO only presented negative scores, whereas they were positive afterwards ( Fig. 6C and E). Thus, two clear periods appeared at both sites, although relatively more variable at Station 3. All taxonomic groups showed positive loadings ( Fig. 6D and F) The period between 2000 and 2005, which corresponded with an increasing period of the first principal component of the physical variables (PC1 PHY ), matched the positive period observed for the first principal component of the zooplankton variables (PC1 ZOO ), more marked for Station 1 (Fig. 6A, C and E) ; the correlation between time series of PC1 PHY and PC1 ZOO scores was 0.56 and 0.36 for Station 1 and Station 3, respectively.
D I S C U S S I O N
In this study, we focused on zooplankton dynamics at long-term and seasonal scales within the Ría de Vigo and off its mouth, both representative locations of innerand mid-shelf domains of the Galician subregion in the Canary Current Upwelling system (Arístegui et al., 2009) . In contrast to most previous zooplankton studies in Galician waters, focused mainly in short-term processes (e.g. Valdés et al., 1990; Fusté and Gili, 1991; Tenore et al., 1995; Batten et al., 2001; Halvorsen et al., 2001; Riser et al., 2001; Bode et al., 2003 Bode et al., , 2005 Isla and Anadon, 2004; Blanco-Bercial et al., 2006; Roura et al., 2013) , the analyses of 17 years of monthly time series of zooplankton abundance and composition allowed us to describe the average and year-to-year variability of the seasonal cycle. The analysis provides strong evidence of the occurrence of abrupt changes of zooplankton abundance and community composition that may be linked to meteoclimatic and hydrographic factors. 
Zooplankton seasonal and inter-annual variability
Total zooplankton abundance varied seasonally by four orders of magnitude and exhibited, on average, a similar unimodal seasonal cycle at both locations, characterized by maxima from May to September and minima in winter. A similar unimodal pattern of abundance has been observed in the Oregon coastal upwelling system where it is well established that high zooplankton abundance occurs from May to September matching the seasonal upwelling pattern (Peterson and Keister, 2003; Hooff and Peterson, 2006) . The zooplankton community is largely dominated by copepods even if the contribution of other groups is higher at Station 1 mostly because of the influence of meroplankton groups on the coast.
Previous studies on the northern coast of Spain already described the major contribution of copepods offshore (Valdés and Moral, 1998; Blanco-Bercial et al., 2006) . A previous study on the Cantabrian Sea shelf reported 68% of copepods at a coastal station and 83% at an offshore station (Valdés and Moral, 1998) . A recent work carried out in coastal and mid-shelf waters off Vigo at high spatial resolution also reported the increased contribution of meroplankton close to the coast and proposed the ratio between holoplankton and meroplankton as an indicator of coastal influences (Roura et al., 2013) . The relative contribution of copepods and the remaining major taxonomic groups also varied seasonally. Larvacea and meroplankton groups, such as Cirripedia larvae and Echinodermata larvae, were particularly abundant during the summer, decreasing strongly in winter, eventually below detectable limits. A previous study (Valdés et al., 1990) already described the major, but seasonally varying contribution of copepods to the zooplankton community along the whole Galician coast ( 60% in June 1994 and above 90% in September 1994).
The duration of the annual peak of the five main taxonomic groups differed between locations, resulting in shorter periods of high abundance on the mid-shelf than at the inner-shelf locations. As reported in previous studies in the north Atlantic, zooplankton main groups showed high interannual variability in the timing of the seasonal cycle (Atkinson et al., 2015) . Although the copepod group seemed to experience a delay in their period of maximal abundance, the method employed did not allow consistent trends in the timing of other taxonomic groups to be detected.
Here, we summarized the observations of 17 years of monthly sampling providing a more robust description of the seasonal variation of total zooplankton abundance. Long-term observations of zooplankton are necessary to establish reference values of abundance, seasonality and composition. Besides, within the frame of the Marine Strategy Framework Directive (European Commission, 2008) , these long-term records are necessary to formulate indicators to assess the environmental status of marine ecosystems. The proposed indicators are based on abundance or biomass of the total zooplankton community or of selected taxonomic or functional groups such as the ones analysed in the present work.
Long-term changes
The more conspicuous long-term change observed implied a significant step increase in the average abundance and amplitude of the seasonal signal. It is worth noting that in November 2002, a major oil spill (63 000 t of heavy crude), due to the shipwreck of the oil tanker Prestige, occurred close to the area sampled. Two studies were conducted to evaluate the impact of the accident on the plankton community. The first one (Salas et al., 2006) analysed the aliphatic hydrocarbons in zooplankton several months after the oil spill, whereas the second study used the monthly time series of the programme Radiales from 1995 to 2003 in order to compare zooplankton biomass and abundances before and after the accident . Both studies concluded that the effect of the oil spill on zooplankton was imperceptible. Varela et al. , however, detected an increase in zooplankton after the accident, but they rejected the hypothesis of association between the oil spill and the increase in zooplankton abundance. With the wider perspective given by 8 additional years in the time series and the use of GLM, we were able to identify that the Prestige oil spill occurred after the start of the increasing trend in zooplankton abundance that occurred in 2001. We were also able to detect a second change in 2006 when abundances decreased slightly but remained higher than during the first of the long-term local periods detected. The differences observed in annual average abundance between periods were the consequence of differences in the general mean and in the amplitude of the seasonal signal. Although summer maxima show large differences, they can be the result of comparatively smaller fluctuations of the overwintering stock, which through exponential population growth lead to important changes in population abundance (Colebrook, 1985) . Maxima abundances are therefore very sensitive to the conditions experienced by the overwintering population.
The abundance of all the main taxonomic groups followed similar long-term patterns as revealed by the PCA. Although all taxonomic groups did not increase simultaneously and responded with different magnitude, they all had positive, similar scores on the first PCs (PC1 ZOO_1 and PC1 ZOO_3 ). This suggests that the drivers behind these long-term changes can affect groups with contrasting ecophysiological traits (e.g. meroplankton, holoplankton or gelatinous plankton), but without causing apparent changes in the composition of the community that may cause a change in the functional dynamics of the plankton food web, as it has been suggested in other cases classified as regime shifts (e.g. Beaugrand, 2004) .
Coupling between zooplankton dynamics and environmental variability
Concomitant with the abrupt shifts in zooplankton abundance (total and per taxonomic group), the physical component variable derived from the PCA of the data set of meteo-climatic and hydrographic variables (PC1 PHY ) showed minimum values in 2000 followed by a 6-year period of monotonic increase. The correlation between PCA PHY and PCA ZOO is relatively high but not enough to exclude the effect of other variables not included in our data set of physical variables. The correlation was better for Station 1 than Station 3, which corresponds to an interface zone between coastal and oceanic domains that shows higher variability (Roura et al., 2013) . Previous studies have shown that pelagic populations do not simply follow environmental variability linearly but that their responses to external forcing can be non-linear, such as the amplification of physical forcing through biological interactions (Hsieh et al., 2006) . Our results reveal that the abrupt increase in zooplankton abundance is concomitant with a sustained change in the physical environment, which includes downward trends in precipitation, southward displacement of the Gulf Stream north wall position and upward trends for upwelling intensity.
Precipitation on the Galician coast is classically related to the dominance of southwest winds. The resultant river run-off generates the Western Iberian Buoyant Plume (WIBP) (Peliz et al., 2002) that strongly influences shelf circulation and across-shelf transport processes. During downwelling events also driven by southern winds, there is a confinement of the WIBP towards the coast (Otero et al., 2008) favouring the coastal retention of planktonic organisms. The annual mean precipitation was notably high in 2000 (6.7 mm day 21 ), but decreased monotonically from that year until 2005 (3 mm day
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). Latitude of the Gulf Stream north wall close to US coast has been also suggested to be a climatic indicator for understanding inter-annual biological changes in European continental shelf seas (Taylor and Stephens, 1980) . The association between the displacement of the northern wall of the Gulf Stream and zooplankton abundance has been described in a range of different ecosystems from the Norwegian Sea to the central North Sea (Taylor, 1995a ) and seems to be driven by week local perturbation of atmospheric circulation patterns (Taylor, 1995b) . Indeed, coastal upwelling in the area is driven by northerly winds, contrasting to precipitation that tends to occur when southwest winds are dominant. These two variables appear opposite in the first principal component derived from the data set of physical variables. Bode et al. (Bode et al., 2009 ) detected a decrease in upwelling intensity on the NW Iberian shelf from 1968 to 2006, and suggested that this should lead to a reduction in offshore export of planktonic organisms and enhancement of zooplankton retention and therefore abundance. In the Ría de Arousa, 16 nautical miles to the north of the Ría de Vigo, Perez et al. (Pérez et al., 2010) related an increase in coastal phytoplankton and harmful algal blooms with the decreasing trend of upwelling intensity. They hypothesized that this decreasing trend may lead to more stratification and more remineralization of organic matter which in turn may compensate for the decrease in nutrients caused by reduced upwelling. Our observations, corresponding to a different temporal window (1995 -2010) , showed a decreasing trend in the annual mean of upwelling in early years until 2002, followed by an increasing trend until 2010. In contrast to Bode et al. (Bode et al., 2009) , we therefore associated the increase in zooplankton total abundance with a decreasing trend in precipitation and an increasing trend of upwelling from 2002 to 2006.
Upwelling events occur at higher frequencies (days to weeks) and the horizontal displacement of the WIBP has also been described to respond quickly, in the order of hours, to upwelling -downwelling changes (Otero et al., 2008) . In our study, as in Bode et al. (Bode et al., 2009) and Perez et al. (Pérez et al., 2010) , however, upwelling statistics were computed as annual means. We are aware that this simplification may lead to misrepresenting the relationships between upwelling and the dynamics of planktonic populations (García-Reyes et al., 2014) , which have been shown to respond to drivers at the scale of the order of weeks in the case of zooplankton (Tenore et al., 1995) . Therefore, to understand in detail the mechanisms driving changes in zooplankton in the future, it should be appropriate to take into account smaller temporal scales.
In this study, we identified a set of environmental variables susceptible to inducing a significant change in the dynamics of zooplankton that affected average abundance and the amplitude of the seasonal cycle but, apparently, neither its timing nor its composition. Some of these variables are indicators of local-to-regional scale meteo-hydrographic processes, such as precipitation and upwelling intensity, whereas the Gulf Stream NWP is an indicator at the scale of the Atlantic basin. Such global climate indices do not necessarily have a strong link with local-to-regional weather conditions (Stenseth et al., 2003) , but they can be good predictors of ecological processes (Hallett et al., 2004; Ménard et al., 2007) . Upwelling intensity and precipitation, for example, are affected by these large-scale climatic changes through modification of wind regimes. Other variables, such as the strength of alongand across-shelf currents or nutrient concentrations, unfortunately not taken into account in this study, are also dependent on these climatic modes and can have an impact on zooplankton populations.
According to our results, two different mechanisms may have induced the abrupt changes in zooplankton abundance: the first implies a transient perturbation corresponding to 1 year of relatively extreme values. In 2000-2001, weak upwelling associated with high precipitation should have favoured the retention at the coast of planktonic organisms (downwelling and WIBP reinforcement). The second mechanism implies a constant trend from 2001 to 2006 in several of the environmental variables and notably an increasing trend of upwelling, a southward displacement of the northern wall of the Gulf Stream and a decreasing trend in precipitation. Within this configuration, the amount of upwelled nutrients should increase as well as primary production, as observed in the Ría de Arousa by Perez et al. (Pérez et al., 2010) . The end of the monotonic increase in the composite variable of environmental data resulted in the third period with intermediate plankton abundance.
It is worth nothing that in a recent study of zooplankton, carried out in the Western English channel, similar long-term periods (1995 -2000, 2001 -2007, 2008 -2012) have been described (Reygondeau et al., 2015) . Although based on different types of data, these authors reach similar conclusions about a progressive long-term modification of the environment which consists mainly in a progressive intensification of the warm period and a decrease in the intensity and depth of thermocline. Those concomitant changes support the idea of a large-scale modification of the environment.
Summary
By analysing a 17-year time series of monthly data, we found zooplankton to show a strong seasonality marked by one main period of high abundance in summer and a change in community structure throughout the year. Copepods were largely dominant in winter, and are mainly accompanied in summer by other groups as Larvacea, Cladocera and larvae of benthic organisms (Cirripedia, Echinodermata, Bivalvia, Decapods and Gasteropods). Copepod dominance also showed spatial differences, with lower relative abundance at the coastal station due to the increased presence of Larvacea, Cladocera and larvae of benthic organisms.
We also detected seasonal and long-term changes in the total abundance of zooplankton at the inner-and mid-shelf station that shaped the series in three periods. Zooplankton abundance increased suddenly in 2001 and remained high until 2006, when abundance decreased again but remained higher than the initial values. These changes appear to be related to continuous changes in large climatic modes influencing, for example, the intensity of upwelling and the amount of precipitation in the study zone through changes in wind regime.
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